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Previous work on Drosophila santomea suggested
that its absence of abdominal pigmentation,
compared to the other darkly pigmented species, is
based on mutations in the cis-regulatory region of
tan, inactivating the expression of that gene in the
abdomen of D. santomea males and females. Our
discovery thatD. santomeamales can produce viable
hybrids when mated to D. melanogaster females
enables us to use the armamentarium of genetic tools
in the latter species to study the genetic basis of this
interspecificdifference inpigmentation.Hybridization
tests using D. melanogaster deficiencies that include
tan show no evidence that this locus is involved in the
lighter pigmentation of D. santomea females; rather,
the pigmentation difference appears to involve at
least four other loci in the region. Earlier results impli-
cating tan may have been based on a type of trans-
genic analysis that can give misleading results about
the genes involved in an evolutionary change.
INTRODUCTION
A recent debate in evolutionary genetics centers on whether
adaptive changes in body form are caused by mutations that
change the structure of proteins, including transcription factors
(Hoekstra andCoyne, 2007), or bymutations that alter noncoding
cis-regulatory elements (CREs) (Carroll, 2005a, 2005b; Gompel
et al., 2005; Stern, 2000). Existing data show a preponderance
of structural changes (about 80% of total changes among
species), a figure that seems to have remained relatively constant
over time (Stern and Orgogozo, 2008). But there is an ascertain-
ment bias: cis-regulatory changes aremuchharder to detect than
are coding changes in genes. Resolving this debate requires
many additional studies of the genetics of interspecific differ-
ences in body form.
Recently, several studies have suggested that regulatory
changes may be more important than structural changes as
a source of adaptive morphological differences among species
(Sucena and Stern, 2000; Colosimo et al., 2005; Clark et al.,
2006; Shapiro et al., 2006; Wray, 2007). Many of these studies1180 Cell 139, 1180–1188, December 11, 2009 ª2009 Elsevier Inc.have focused on pigmentation changes in humans, stickleback
fish, and Drosophila (Colosimo et al., 2005; Gompel et al., 2005;
Wittkopp et al., 2002a, 2002b, 2003a, 2003b). One well-known
example is the difference in abdominal pigmentation between
the sister species D. santomea and D. yakuba. In D. yakuba,
and seven of the other eight species in the well-studied
Drosophilamelanogaster species group, the posterior abdominal
segments of both sexes are heavily pigmented. However, D.
santomea, a species endemic to the island of Sa˜o Tome´ (an
ancient volcanic island off the west coast of Africa) is unique in
completely lacking dark abdominal pigment (Figure 1) (Coyne
et al., 2002; Lachaise et al., 2000; Llopart et al., 2002b).
Using quantitative trait locus (QTL) mapping, Carbone et al.
(2005) located a genetic region on the X chromosome that has
a large effect on the pigmentation difference in both sexes of
these species. Recently, Jeong et al. (2008) studied the molec-
ular genetics of this difference and concluded that the light color
of D. santomea was caused by the loss of expression of the tan
locus (a gene that maps under the X-linked QTL peak) due to
mutations fixed by selection in the cis-regulatory region. tan
encodes a multifunctional enzyme that hydrolyzes both NBAD
to dopamine and carcinine (N-b-alanyl histamine) to histamine
(True et al., 2005).
Jeong et al. (2008) adduce four lines of evidence to argue that
tan is a major locus involved in the pigmentation difference. First,
mutants of tan in D. melanogaster produce a lighter abdominal
pigmentation—although not pigmentation as light as seen in
D. santomea. Second, the tan gene is highly expressed in the
heavily pigmented abdomens of male and female D. yakuba
but is not expressed in the lightly pigmented abdomens of
male and femaleD. santomea. Third, sequencing of the tan locus
and adjacent upstream promoter regions in both species show
that they do not differ in protein sequence, but that D. santomea
is polymorphic for three separate mutations in the cis-regulatory
region of the gene, each of which could inactive it. Finally, the
authors transferred the wild-type allele of the tan locus from
(the darkly pigmented) D. melanogaster into D. santomea and
showed that this transfer darkened the abdomens of both males
and females.
Here, we report a failure, using direct genetic complementa-
tion tests, to confirm the results of Jeong et al. (2008). These
results rests on our recent finding that D. melanogaster can
produce viable female offspring when crossedwithD. santomea.
This allows us to use tan deletions in D. melanogaster to perform
complementation tests of abdominal color in female hybrids with
D. santomea. These tests are generally considered more reliable
than transgenic analysis because they test the effect of the
candidate gene in situ rather than when it is inserted into a
random location in the genome. Moreover, showing that a
wild-type allele involved in pigmentation produces darker color
when transferred into another species does not unequivocally
demonstrate that interspecific differences at that particular locus
are responsible for observed color differences between the
species. For example, transferring the gene for growth hormone
from humans to chimps may produce larger chimps, but does
not show that the difference in size between the two species
maps to the growth-hormone locus.
Our direct genetic tests suggest that tan is not a major gene
involved in the pigmentation difference between these species,
at least in females. Additional deficiency mapping in the tan
region, however, revealed the existence of five subregions that
have a highly significant effect on pigmentation and do not
encompass tan. Moreover, loss of expression of tan may have
evolved after at the inactivation of other genes causing the
species difference. At present, then, the tan gene cannot be
considered a convincing example of the effect of cis-regulatory
mutations on a major phenotypic difference.
RESULTS
Pure Species and tanMutants
We scored five species of theD.melanogaster group for pigmen-
tation: four of them (D. melanogaster, D. simulans, D. mauritiana,
and D. yakuba) have black-pigmented abdomens, while D. san-
tomea is yellow, lacking black pigmentation. Table S2 (available
online) shows the mean pigmentation score for each species.
While the pigmentation of the dark species ranges from 3.3 to
5.2, that of D. santomea is 0.22—less than 7% as intense as
that of the least pigmented dark species (D. simulans).
We also scored each of the six tan mutants for pigmentation
when homozygous. Their average pigmentation and the pheno-
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Figure 1. Abdominal Pigmentation of D. mela-
nogaster, D. santomea, and D. yakuba
Female D. melanogaster (A), female D. santomea (B), female
D. yakuba (C), male D. melanogaster (D), male D. santomea
(E), and male D. yakuba (F).
types of these mutants (as well as that of the
Mi{ET1}MB03163Mi{ET1} insertion allele) are given
in Table S3 and shown in Figures S1 andS2. The six
tanmutations were not significantly heterogeneous
for pigmentation (F5,594 = 1.53, p = 0.179). All of
these mutants are significantly darker than the
pigmentation of wild-type D. santomea (F6,643 =
118.04, p < 105, honest significant difference
[HSD] Tukey test).
Mi{ET1}MB03163, the stock having a large inser-
tion of the Mi{ET1} transposable element in the
CRE region of tan, showed a pigmentation score
significantly higher than any of the tan mutants
and lower than that of wild-type D. melanogaster (one-way
ANOVA: F2,297 = 925.71, p < 10
5; HSD Tukey test). This
suggests that the disruption of the CRE may affect the pigmen-
tation pattern of D. melanogaster far less than do lesions in the
coding sequences of tan (Figure S2). Note, however, that we
surveyed only one wild-type strain of D. melanogaster.
Complementation Tests within D. melanogaster
Weuseda largedeletioncontaining the tan locusand its promoter
[Df(1)t20A] to verify whether all the tan mutants were allelic. We
crossed Df(1)t20A to four classical tan mutants (t1, t2, t3, and t5)
and a P insertion (P[XP]) allele and scored 100 individuals from
each cross, comparing their average pigmentation to a sample
of 100 individuals of the pure strain. In all cases, the large deletion
failed to complement the tan mutants (Figure S3, paired t test
against the parental line: t4 = 0.1183, p = 0.9116). All of the
mutants, then, appear to reside in the region covered by tan dele-
tion Df(l)t20A, confirming the known location of lesions in these
strains.
Backcrosses of Basc/tan to D. melanogaster
When D. melanogaster females heterozygous for any of the tan
mutants and the Basc balancer chromosome (mel tan/Basc)
were backcrossed to tanmales, we observed a bimodal distribu-
tionofpigmentationscoresamongfemaleoffspring (e.g.,Figure2)
when crosseswere scored blind. Figure 3 shows the difference in
pigmentation between the two classes of females. To determine
whether the two modes represented the two genotypes segre-
gating in this cross (Basc/tan and tan/tan), we analyzed the distri-
bution of individual pigmentation by fitting a mixed linear model
(Pinheiro and Bates, 2000) having genotype (whether or not the
deficiency is present) as amaineffect andspecificmutants tested
as a random effect. This analysis showed that the effect of geno-
type was highly significant (F1,593 = 2521.82, p < 0.0001; all the
heavily pigmentedflies had theBascchromosome). These results
show that tan/tan homozygotes can be clearly distinguished from
Basc/tan heterozygotes in D. melanogaster (see Figure 2).Cell 139, 1180–1188, December 11, 2009 ª2009 Elsevier Inc. 1181
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Figure 2. Abdominal Pigmentation of D. melanogaster tan/tan versus Basc/tan
D. melanogaster females heterozygous for tan mutants and the Basc balancer chromosome (mel tan/Basc) backcrossed to tan males. In all cases, Basc/tan
heterozygotes (A–F) and homozygotes (G–L) can be clearly distinguished from tan/tan homozygotes in D. melanogaster.Wemadefiveadditional controls. Todeterminewhether the tan
stocks and the Basc stock differed in genetic backgrounds in
a way that could affect pigmentation, we compared the pigmen-
tation score of the tan/tan flies from themel tan/Basc3 tan cross
to tan/tan flies from themel tan/tan3 tan cross. This comparison
showed no significant difference between the genotypes (linear
mixedmodel [LMM]: F1,6 = 0.089, p=0.776). Second,wecrossed
D. melanogaster Basc/ArkLa females to tan males to determine
whether the balancer chromosome complemented the tanmuta-
tions as effectively as did the wild-type alleles. This cross too
showed no significant difference in pigmentation between the
tan/ArkLa and tan/Basc genotypes (LMM: F1,588 = 1.3774, p =
0.241). These two results mean that Basc can restore the wild-
type phenotype as effectively as can the tan+ allele on wild-type
chromosomes. Third, to determine whether the Basc chromo-
some could restore the wild-type pigmentation in females that
carried the Mi{ET1}MB03163 allele, we crossed tan/Basc
females to Mi{ET1}MB03163 males. The Mi{ET1} transposable
element insertion in the promoter region of the D. melanogaster
tan locus represents the closest match to the postulated CRE
mutant allele in D. santomea discussed by Jeong et al. (2008).
We found that for all the crosses we assayed, Basc rescues the
D. melanogaster dark pigmentation when the Mi{ET1}MB03163
allele is present: Mi{ET1}MB03163/ tan females were consis-
tently lighter than were Mi{ET1}MB03163/Basc females (LMM:
F1,395 = 442.445, p < 0.0001). These results show that Basc can
complement mutations in both the coding sequences and the
regulatory elements of tan.
Fourth, to check whether theBasc chromosome itself affected
pigmentation score (i.e., whether it made its carriers darker), we
crossed Basc/mel females to mel ArkLa males and compared
the pigmentation of the two types of progeny (Basc/mel and1182 Cell 139, 1180–1188, December 11, 2009 ª2009 Elsevier Inc.mel/mel). We found no significant differences between the geno-
types (LMM: F1,593 = 0.001, p = 0.9747, Table 1). These results
mean that the balancer has no unexpected effect on pigmenta-
tion compared to other chromosomes carrying the tan+ allele.
Finally, to make sure that the tan+ allele of other species in the
D. melanogaster subgroup could complement tan mutants of
D. melanogaster, we crossed D. melanogaster tan/Basc females
to D. mauritiana and D. simulans males. These crosses showed
that tan has no effect on the pigmentation of D. mauritiana and
D. simulans (D. mauritiana: F1,593 = 0.080, p = 0.777;D. simulans:
F1,593 = 4.776, p = 0.029, Table 1). Figure 4 shows representative
females from these crosses.
Complementation Crosses between D. melanogaster
and D. santomea
Thecritical test ofwhether the lighter pigmentationofD. santomea
is due to mutations at the tan locus involves crossing
D. melanogaster tan/Basc females to D. santomea males. This
cross produces two genotypes among hybrid females: Basc/san
and tan/san. If the mutants in either the structural locus or the
CRE of tan are largely responsible for the light abdominal pigmen-
tation inD. santomea, thenBascwill complement theD. santomea
tan allele and restore the darkly pigmented phenotype in these F1
hybrids. We would then expect that this cross would show
a bimodal distribution of pigmentation scores, similar to that
seen among offspring of the tan/Basc3 tan cross withinD. mela-
nogaster. Further, the two classes of interspecific hybrid females
(Basc/san and tan/san) should differ significantly in pigmentation.
These crosses showed no statistically significant effect on the
interspecific difference. In the combined data, the effect of geno-
type is not significant (F1,593 = 3.6742, p = 0.0557; Figures 3 and
4), so that the two genotypes do not differ in their pigmentation
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Figure 3. Phenotypic Distribution of the F1 Hybrid Progeny
Phenotypic distribution of the progeny produced by the Df(1)t20A/Basc 3 Df(1)t20A (A), Df(1)t20A/Basc 3 san (B), and Df(1)BK10/Basc 3 san (C) crosses.(data given in Table 1). Clearly, tan does not have a large (or even
statistically significant) effect on the pigmentation of D. santo-
mea females.
Similarly, when we made interspecific crosses using
Mi{ET1}MB03163, the stock with an insertion in the promoter
region of tan, we found no effect of this insertion on the pigmen-
tation of the two hybrid genotypes (one-way ANOVA: F1,98 =
43 104, p = 0.985). This insertion stock is probably the closest
existing genetic parallel to the postulated CRE mutants in
D. santomea that affect pigmentation.
All of these results strongly suggest that mutations in the tan
locus, whether structural or regulatory, have little or no effect on
the difference in pigmentation between females of D. santomea
and females of D. melanogaster.
Fine-Scale Mapping of the tan Region
Because the tan region showed a large effect on pigmentation in
the study of Carbone et al. (2005), we performed a more detailed
analysis of this region with two aims: to find candidate alternative
regions that might explain the difference in pigmentation
between D. santomea and the other subgroup species, and to
establish whether our methods had the power to detect regions
(and genes) affecting pigmentation.We studied 16 deficiencies spanning the QTL region
described by Carbone et al. (Table 2): seven of these in the
14D-18B4 region, eight in the 8D-10A3 region, and one in the
19B1-20F4 region. We performed a one-way ANOVA to deter-
mine whether the differences between flies carrying Basc and
flies carrying the deficiency were significant. Table 2 shows the
results. First, our analyses of two additional deficiencies that
encompassed the region which contain the tan locus (8D1) again
reveal no effect of the region on pigmentation. This confirms our
conclusion that tan is unlikely to be a major locus causing inter-
specific differences in pigmentation. Second, we found five defi-
ciencies (two of them overlapping) that showed a significantly
lighter pigmentation (Figure 5) than the balancer-carrying flies.
There are, then, at least four strong candidate regions for genes
involved in the pigmentation difference between D. santomea
and its sister species.
DISCUSSION
Our complementation tests using D. melanogaster deletions
crossed to D. santomea show no significant effect of the tan
locus on the pigmentation difference between these two species
and, by inference, on the difference between D. yakuba andCell 139, 1180–1188, December 11, 2009 ª2009 Elsevier Inc. 1183
Table 1. Pigmentation values from the Crosses D. melanogaster tan/Basc to Males of Different Species
scp1 t1 t2v1f1 t3 t5v1r1 P{XP}td07784 Df(1)t20A
B (+) B (+) B (+) B (+) B (+) B (+)
tan/Basc 3 san 0.470
(0.398)
0.462
(0.259)
0.408
(0.314)
0.372
(0.234)
0.412
(0.356)
0.382
(0.256)
0.503
(0.403)
0.423
(0.303)
0.522
(0.257)
0.493
(0.397)
0.544
(0.352)
0.422
(0.304)
tan/Basc 3 mau 5.134
(1.332)
4.327
(1.433)
4.148
(1.527)
3.722
(1.684)
3.633
(1.736)
4.182
(1.476)
4.113
(1.689)
3.803
(1.573)
3.975
(1.298)
4.488
(1.452)
4.074
(1.397)
4.413
(1.332)
tan/Basc 3 sim 3.158
(1.476)
2.917
(1.156)
3.478
(1.408)
3.320
(1.233)
3.537
(1.433)
3.315
(1.249)
3.606
(1.302)
3.419
(1.316)
3.394
(1.612)
2.850
(1.598)
3.671
(1.37)
3.149
(1.332)
tan/Basc 3 mel 4.028
(0.877)
3.980
(0.730)
4.114
(0.754)
4.191
(0.700)
4.613
(0.933)
4.413
(0.604)
4.469
(0.715)
4.225
(0.805)
4.553
(0.668)
4.384
(0.825)
4.446
(1.072)
4.520
(0.924)
tan/Basc 3 tan 3.942
(1.222)
0.937
(1.048)
4.232
(0.845)
0.737
(0.380)
3.992
(1.078)
0.950
(0.631)
4.203
(0.566)
0.600
(0.347)
4.259
(0.681)
0.556
(0.234)
4.035
(1.564)
0.560
(0.502)
Mean pigmentation (standard deviation) of the female progeny from the cross tan/Basc to different males on the D. melanogaster group of species.
n = 50 for each genotype.D. santomea (The transgenic studies performed by Jeong et al.
were between D. santomea and D. melanogaster.) We thus
cannot verify the conclusion of Jeong et al. (2008) that cis-regu-
latory mutations in the tan region play an important role in the
pigmentation difference between the two species.
Before we discuss the discrepancy between the two studies,
we must mention a few caveats. First, by necessity, we were
limited to studying genetic complementation in females, since
tan is an X-linked locus. Most of Jeong et al.’s analysis, however,
dealt with males, and it is possible that the genetic basis of the
pigmentation difference between D. santomea and D. yakuba it-
self differs between males and females. However, we consider
this unlikely. QTL analysis of both species (Carbone et al.,
2005) shows that male and female ‘‘pigmentation’’ peaks are
located in the same chromosome regions, implying that the
same loci are involved in pigmentation differences of the two
sexes. More important, Jeong et al.’s analyses show an effect
of tan in both sexes, including the ability of transgenic tan+ alleles
to restore some pigmentation in both male and female D. santo-
mea (see, for instance, Figure 5D of Jeong et al.).1184 Cell 139, 1180–1188, December 11, 2009 ª2009 Elsevier Inc.Second, Jeong et al. did not find that tan explained all of the
pigmentation difference between D. melanogaster and D. santo-
mea, only part of it—though a substantial part. A single trans-
genic copy of tan+ in D. santomea causes partial rescue of
male pigmentation on the sixth (but not the fifth) abdominal
segment of D. santomea (Jeong et al., Figure 5B). In males,
two copies of tan+ from D. melanogaster cause fuller but still
brownish pigmentation of segments A6 and A5, and weaker
pigmentation of A4 in males, while in pure D. yakuba these areas
are larger and are colored deep black instead of brown (Jeong
et al. [2008], compare Figure 5C with 1A). It is notable that
although a single copy of the D. melanogaster tan+ transgene
almost completely rescues dark pigmentation in the D. mela-
nogaster tan mutant t5, it rescues D. santomea pigmentation
far less well (Jeong et al. [2008], Figure 4C versus 5B for one
copy, 5C for two). Rescue of pigmentation in D. santomea
females by the tan+ transgene is also incomplete: as in males,
the area of female pigmentation is reduced compared to that
seen in D. yakuba, although distinct abdominal stripes are still
present (Jeong et al., Figure 1E versus 5D). Further, our failureDf(1)20A/Basc x mau Df(1)20A/Basc x sim Df(1)20A/Basc x mel Df(1)20A/Basc x san
F G H
A B C D
E
Figure 4. Interspecific Complementation
Tests
D. melanogaster females heterozygous for tan
mutants and the Basc balancer chromosome
(mel tan/Basc) were crossed to males of four
different species: D. mauritiana, D. simulans,
D. melanogaster, and D. santomea. Only the
crosses involving Df(1)t20A/Basc females are
shown, but the results are the same with all the
mutants studied. Top panels, F1 hybrid females
carrying Basc: mau/Basc (A), sim/Basc (B), mel/
Basc (C), and san/Basc (D). Lower panels, F1
hybrid females carrying tan: mau/Df(1)t20A (E),
sim/Df(1)t20A (F), mel/Df(1)t20A (G), and san/
Df(1)t20A (H).
Table 2. Complementation Analysis of the Region Adjacent to tan
Deficiency Stock Number Cytological Location Mean Pigmentation Basc/san Mean Pigmentation df/san F1,49 p Value
Df(1)r-D17 991 14C1-15A6 0.556 (0.258) 0.552 (0.303) 0.0025 0.9601
Df(1)BSC582 25416 15A1-15E2 0.512 (0.305) 0.544 (0.258) 0.1605 0.6905
Df(1)B25 4741 15D3-16A6 0.496 (0.235) 0.512 (0.285) 0.0469 0.8295
Df(1)BK10 4953 15F2-16C10 0.660 (0.388) 0.288 (0.254) 24.589 9.50 3 106
Df(1)RR79 6217 16C-16F 0.936 (0.455) 0.648 (0.410) 5.5173 0.02299
Df(1)N19 970 17A1-18A2 0.732 (0.360) 0.416 (0.300) 11.373 0.00148
Df(1)Exel6291 7754 18A2-18A3 0.556 (0.331) 0.688 (0.410) 1.5726 0.2159
Df(1)ED6957 8033 8B5-8D9 0.720 (0.360) 0.764 (0.142) 1.947 0.1693
Df(1)BSC538 25066 8C17-8E4 0.420 (0.200) 0.456 (0.27) 1.4157 0.2525
Df(1)C52 952 8E4-9C4 0.644 (0.399) 0.724 (0.411) 0.4881 0.4881
Df(1)v-L15 954 9B1-10A1 0.620 (0.342) 0.304 (0.193) 16.238 1.98 3 104
Df(1)BSC540 25068 9E8-10A3 0.624 (0.240) 0.623 (0.267) 8.28 3 1031 1
Df(1)BSC287 23672 10A10-10B11 0.504 (0.230) 0.492 (0.287) 0.0266 0.8711
Df(1)BSC722 26574 10B3-10E1 0.524 (0.215) 0.508 (0.269) 0.054 0.8172
Df(1)v[N124B] 5707 9E3-10A8 0.524 (0.194) 0.620 (0.333) 1.5508 0.2191
Df(1)DCB1-35b 977 19F1-20E 0.712 (0.286) 0.488 (0.254) 8.5703 0.00521
Mean pigmentation (standard deviation) of the female progeny from the cross df/Basc for 16 different deficiencies to D. santomea males. n = 25 for
each genotype.to detect an effect of tan cannot be ascribed to our using only
a single aberrant deletion or tan mutant, since the failure is
seen using five structural mutants, one disruption of the CRE,
and a deletion that encompasses the whole gene and its
promoter.
Our results, then, seem to rule out a model in which recessive
mutations at tan are a major cause of the yellow abdominal
pigmentation in D. santomea. The low pigmentation scores in
the F1 hybrids between D. melanogaster and D. santomea
suggest the existence of at least one semidominant pigment-
reducing locus somewhere in theD. santomea genome—a locus
that must be different from tan.
Clearly, we have been unable to confirm the predicted impor-
tance of the tan locus to overall pigmentation change inD. santo-
mea (Jeong et al., 2008).What is the explanation? Themost likely
is that the different outcomes reflect a difference inmethodology:
complementation mapping on our part versus transgenic anal-
ysis and expression differences/transgenic analysis in the study
of Jeong et al. (2008). In other words, we suspect that tan is not
a major genetic factor in the pigmentation difference, despite
the results from previous QTL candidate gene analysis and
transgenic studies (Jeong et al., 2008).
Complementation analysis using mutations or deletions has
long been used to identify whether mutants are allelic or not,
andwhether a species difference is located in a particular region.
For example, Sucena and Stern (2000) used a deletion in the ovo/
shaven baby region to show that the recessive loss of hairs on
the cuticle of D. sechellia (compared to the outgroup D. mela-
nogaster) resided in that region. This is precisely the test that
wehavedonewithD. santomea. However, although complemen-
tation analysis is a well-accepted strategy for testing whether
strains have mutations in the same or different genes, its power
can be limited by the dominance of the tested alleles. Also, one
occasionally finds complementation between different alleles ofthe same gene (intragenic complementation). We have tried to
minimize the chance of such effects in the current experiments
by using a variety of different tan alleles. Nevertheless, our tests
also involve species that are not closely related, and we cannot
exclude the possibility that the overall low level of pigmentation
seen in F1 hybrids between D. santomea and D. melanogaster
has masked a larger relative contribution of the tan locus to
pigmentation changes thatwouldbeseen in intraspecific crosses
with D. santomea, or in hybrids between D. santomea and other
species in the melanogaster subgroup. We suspect that the
tan+ allele from D. melanogaster adds pigmentation to D. santo-
mea males and females not because the gene is involved in the
species difference, but simply because transfer of an allele
involved in making pigment into a genetic background lacking
that pigment may produce a darker phenotype, regardless of
which mutations have produced the interspecific difference in
pigmentation. The best to resolve this issue is, of course, through
targeted gene replacement.
Jeong et al. (2008) also showed by in situ hybridization that tan
is expressed in both adult abdomens and the posterior part of
the pupa in D. yakuba, but not in D. santomea. While showing
that there is a species-specific difference in tan expression, this
does not prove that the observed pigmentation difference maps
to that locus. In analysis of genetic pathways, it is not unusual to
find that a transgene for one locus in a pathway will restore
a phenotype affected by a different mutation in that pathway
(e.g., Hyodo-Taguchi et al.’s study of the pigmentation pathway
in medakafish [Hyodo-Taguchi et al., 1997]).
We have shown by complementation tests that tan seems to
have little or no effect on the observed pigmentation difference
between D. melanogaster and D. santomea (and, by inference,
betweenD. yakuba andD. santomea), but that a significant effect
on pigmentation can be ascribed to at least four distinct chromo-
somal regions near—but not including—tan. Since males areCell 139, 1180–1188, December 11, 2009 ª2009 Elsevier Inc. 1185
hemizygous for tan, complementation tests are not useful for
testing pigmentation differences in that sex. Here, targeted
gene replacement of tan and its regulatory elements must be
used. Although tan maps under the QTL peak known to include
a gene or genes with a large influence on species-specific
pigmentation, tan itself is not the site of the lesion. Rather, tan
appears to be closely linked to several genes with major
effect—perhaps genes in the same pathway as tan (i.e., the
core dopamine pathway). Beyond the five candidate regions
near tan, we are using finer deletion mapping and fine-structure
molecular QTL analysis to identify the genes responsible.
One other observation of Jeong et al. (2008) supports the idea
that while tan may be involved in the biochemical pathway
producing the pigmentation difference between D. yakuba and
D. santomea, it does not carry mutations producing that differ-
ence. This is their finding that there is not one but three distinct
cis-regulatory haplotypes that inactivate tan expression in
natural populations of D. santomea. (One haplotype contains
two nucleotide substitutions from the D. yakuba allele, while
the other two have different deletions in or near these substituted
regions.) This polymorphism for three distinct haplotypes, each
of which the tan gene, contradicts the idea that the derived
loss of color in D. santomea resulted from a rapid selective
sweep of a single adaptive mutation that reduced pigmentation.
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Figure 5. Deficiency Analysis of QTL Affecting Pigmentation
between D. melanogaster and D. santomea
Only two of the 16 tested deficiencies are shown. D. melanogaster Df(1)BK10
when crossed to a D. santomea male produced two kinds of progeny, Basc/
san (A) and Df(1)BK10/san (C), that showed a significant difference in pigmen-
tation. The progeny of the cross mel Df(1)r-D17 3 san Basc/san (B) and
Df(1)r-D17/san (D) showed no significant differences in their pigmentation
levels. Top panels, F1 hybrid females carryingBasc:Basc/san (A) andBasc/san
(B). Lower panels, F1 hybrid females carrying a deficiency: Df(1)BK10/san (C)
and Df(1)r-D17/san (D).1186 Cell 139, 1180–1188, December 11, 2009 ª2009 Elsevier Inc.Indeed, Jeong et al. (2008) posit that the inactivation of the
cis-regulatory region is due to relaxed selection on pigmentation
in the D. santomea lineage followed by neutral evolution of the
CRE. We agree, but suspect that the loss of tan expression
resulted from changes at another locus that caused loss of
pigmentation in this lineage. This loss would allow the tan+ allele,
now lacking an effect on pigmentation, to accumulate mutations
that inactivated its expression. At present, then, the genetic
basis of this striking interspecific difference in pigmentation
remains unclear.
EXPERIMENTAL PROCEDURES
We made a series of interspecific crosses involving several lines of D. mela-
nogaster and seven different lines of D. santomea (see Table S1 for the strains
and results. Information about the lines can be found in Matute et al. [2008]).
Roughly 90% of the crosses between D. melanogaster females and D. santo-
mea males produce offspring, all of which are sterile females (the reciprocal
cross produces no offspring and has never yielded matings or inseminated
females). This unexpected and remarkable crossability between two distantly
related species (10–15 million years old, Tamura et al. [2004]) immediately
makes it possible to use these species in genetic complementation tests.
Because tan mutations that reduce pigmentation are recessive in D. mela-
nogaster, our strategy was to cross D. melanogaster females heterozygous
for a tan mutation and a marked balancer chromosome (tan/Bal) to wild-type
D. santomeamales. If the light pigmentation of D. santomea females is caused
by a mutation at tan, then two classes of female progeny should be produced,
with those carrying the tanmutation being markedly lighter than those carrying
the balancer with the tan+ allele.
Drosophila Stocks
Two stocks, w1118 P{XP}td07784 (a tan-like P element insertion in the 50 end of
the first exon, henceforth called P[XP]), and Df(1)t20A, a null excision of tan,
were provided by John True (The State University of New York at Stony Brook).
We obtained other four tanmutants and a 7.5 kb Mi{ET1} insertion in the CRE
of tan from the Bloomington Drosophila Stock Center (http://flystocks.bio.
indiana.edu/). The tan strains (with their respective stock numbers) were
t1 scp1 (110), t2 v1 f1 (131), t3 (132), and t5 v1 r12 (133, used by Jeong et al. in their
study). The Mi{ET1} transposable element insertion (7.5 kb) in the CRE of tan
(X chromosome: position 9, 120, 883) was Mi{ET1}MB03163 (26107). All the
mutants in the coding sequence showed the characteristic lightly pigmented
phenotype of tan, while Mi{ET1}MB03163 was consistently darker than any
other mutant. D. melanogaster ArkLa was made by combining of the progeny
of six isofemale lines collected in Arkansas and Louisiana (Llopart et al.,
2002a).
As noted above, we crossed D. melanogaster females homozygous for the
tanmutation to male carrying the Basc chromosome [In(1)scS1Lsc8R, sc8 scS1],
an X chromosome balancer lacking any mutations that affected pigmentation
(Lindsley and Zimm, 1992). This crossed produced tan/Basc females that were
then crossed to different types of males as described below.
The D. simulans Florida City (FC) isofemale line was collected by J.A.C. in
1985 in Florida City, Florida. The D. mauritiana synthetic (SYN) stock was
a wild-type line synthesized by combining six isofemale lines collected on
Mauritius by O. Kitagawa in 1981.
We used two strains of D. yakuba: Taı¨ 18 and yakSYN2005. Taı¨ 18 was
derived from the progeny of a single female collected in 1983 in the Taı¨ rainfor-
est on the border between Liberia and the Ivory Coast. The yakSYN2005 line
was made by combining progeny from six different isofemale lines collected
in Sa˜o Tome´ in 2005. We also used two lines of D. santomea, STO.4 and
sanSYN2005; STO.4 is an isofemale derived from a single female collected
on Sa˜o Tome´ in 1998, while sanSYN 2005 derived from a combination of six
isofemale lines collected in Sa˜o Tome´ in 2005 (see Matute et al. [2008] for
further information).
We used quantitative deficiency complementation mapping to further
resolve the locations of pigmentation QTL within the X chromosome region
previously identified by Carbone et al. (2005). Given that the QTL identification
was done with a D. yakuba 3 D. santomea cross and that there are many
chromosome rearrangements differentiating D. yakuba and D. melanogaster
(Ranz et al., 2007), we identified the homologous subregions of the target
region (i.e., the chromosome region where tan is located) in D. melanogaster
by using previously published molecular cytologies (Ranz et al., 2007).
Stocks with deficiencies spanning the target cytological regions (8D-10A3,
14D-18B4, and 19B1-20F4) were obtained from the Bloomington Drosophila
Stock Center (Bloomington, IN). We used minimal set of deficiencies covering
the entire region. Deficiency breakpoints were provided by the donors of the
strains.
Crossing Scheme
Flies were raised in uncrowded cultures on standard cornmeal-yeast-agar
medium, reared at 24C under a 12 hr light-dark cycle, and maintained in large
populations. To make interspecific crosses, we crossed ten virgin D. mela-
nogaster tan/Basc females to ten males of D. santomea, D. mauritania SYN, or
D. simulans FC (tan refers to all the tanmutants that we used). D. melanogaster
tan/Basc (‘‘mel tan/Basc’’) females also were backcrossed to males from the
original tan stock, or crossed to D. melanogaster ArkLa males. Use of six
different mutants of tan ensured that our results were not mutant specific: two
of these mutants (t1 and t5) have lesions resulting in amino acid replacements,
one results from an insertion of a P element in the 50 end of the first exon, and
the fourth was an excision of the whole chromosomal region that includes the
tan promoter region (True et al., 2005). The other two mutants (t2 and t3) have
unknown lesions but are presumed to be at the tan locus because of both their
phenotype and their noncomplementation with known tanmutants.
The crosses involving mel tan/Basc females produce two classes of
progeny. For example, if a mel tan/Basc female is crossed to a D. santomea
male (san), the progeny will be tan/san or Basc/san. These two genotypes
are distinguishable by the dominant marker Bar carried on the Basc chromo-
some, a marker that affects eye shape (Lindsley and Zimm, 1992). For all the
crosses described below, we present the female genotype first. We followed
the same experimental design to perform deficiency mapping and further
study the region adjacent to tan as described by Carbone et al. (2005).
Scoring Pigmentation
D. melanogaster individuals and hybrid progeny were collected as virgins and
kept in groups of 20 until 4 days old. To estimate the intensity of pigmentation
on whole flies, we used a visual scale ranging from 0 (unpigmented areas) to 4
(dark and shiny black areas), with intermediate numbers representing interme-
diate degrees of pigmentation. We also measured the proportion of the area of
each tergite that was pigmented (estimated to the nearest 0.1). To obtain the
overall pigmentation score of each individual, we multiplied the percentage
of the area of each of the three tergite covered by each shade of pigmentation
by the intensity of that pigmentation, and these areas were summed (Carbone
et al., 2005). All pigmentation scores are based on the sum of values for the A4,
A5, and A6 tergites. The maximum pigment score for each tergite is therefore
4 (an intensity of 4, with 1.0 of the tergite covered with that pigment); the
minimum is zero. Summing over the three tergites, then, the maximum
possible score is 12 (most intense), and the minimum possible score is 0.
The scoring was done blindly so that the scorer did not know either the species
or genotype. In crosses that resulted in the segregation of two genotypes
distinguishable by an eye-shape mutant, we removed the heads from the flies
before scoring to conceal their genotype. For the crosses involving tan
mutants and controls, we scored pigmentation in 100 individuals, and 50 flies
per genotype in those crosses that produced two genotypes. For the defi-
ciency mapping crosses, we scored 50 flies (25 per genotype).
Abdominal Cuticle Preparation
We prepared specimens for photography in a manner similar to that of Jeong
et al. (2008). Four-day-old virgin female flies were killed with ether and imme-
diately dissected or stored in individual vials at 80C. Specimens were cut
along the dorsal midline with a razor blade. Soft tissues were removed and
the cuticles mounted in Canada balsam to dissolve any remaining soft tissue.
The preparations were then flattened with a coverslip and incubated for 3 hr at
65C (Kopp et al., 2000; Jeong et al., 2006, 2008).Data Analysis
We analyzed the total data (differences in pigmentation between genotypes of
the same cross, including all the mutants) by fitting a random linear mixed
model (Pinheiro and Bates, 2000) with genotype as a main effect (e.g., Basc/
san versus tan/san) and pigmentation as response. Differences between
mutants were considered random effects when LMMs were required for the
analysis. We repeated the same procedure for each of the crosses (i.e., the
different types of males crossed to tan/Basc females).
Additionally, to establish whether additional deficiencies spanning the X
chromosome candidate region had a significant effect on the pigmentation
levels of F1 hybrid females, we compared the pigmentation between flies
carrying the deficiency and flies carrying Basc with a one-way ANOVA for
each deficiency.
SUPPLEMENTAL DATA
Supplemental Data include three figures and three tables and can be
found with this article online at http://www.cell.com/supplemental/S0092-
8674(09)01359-2.
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